Abstract Polar metals are rare because free carriers in metals screen electrostatic potential and eliminate internal dipoles. Degenerate doped ferroelectrics may create an approximate polar metallic phase.
I. INTRODUCTION
Polar metals are materials that are characterized by the absence of inversion symmetry and the presence of intrinsic conduction due to partial band occupation [1] [2] [3] [4] [5] . They are rare in solids because free carriers can screen electrostatic potential and eliminate internal dipoles that arise from asymmetric charge distributions [6] [7] [8] [9] [10] . Anderson and Blount predicted in 1965 that polar metals can exist [11] , and the recent experimental confirmation of LiOsO 3 as the first polar metal has stimulated intensive theoretical and experimental research [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
However, the above definition of a polar metal (absence of inversion symmetry and presence of conduction) excludes degenerately doped insulating ferroelectrics [21] . Electron doped perovskite ferroelectric compounds ABO 3 (BaTiO 3 as the prototype) have been widely studied both in theory and in experiment [22] [23] [24] [25] [26] [27] [28] . First-principles calculations show that cation displacements and conduction can coexist in n-doped BaTiO 3 up to a critical concentration of 0.1e per formula [26] . This indicates that even with long-range Coulomb interaction screened by free electrons [29] [30] [31] , a short-range portion of Coulomb force with an interaction range of the order of the lattice constant is sufficient to induce ferroelectric instability in BaTiO 3 [26, 32, 33] . Experimentally, there are contradictory results: Ref. [23, 24] show that in oxygen-reduced BaTiO 3−δ , polar displacements can co-exist with conduction and do not vanish until a critical concentration of 1.9 × 10 21 cm −3 , which is consistent with first-principles calculations [26] . However, a neutron diffraction study on n-doped BaTiO 3
found phase separation in which ferroelectric displacements only exist in an insulating region, which is spatially separated by nonpolar metallic regions [22] . On the other hand, while electron-doped LiNbO 3 -type ferroelectric oxides (LiNbO 3 as the prototype) have been investigated in the literature, the focus has been on electronic structure and the optical property [34] [35] [36] [37] . The structural property and the possible co-existence of polar displacements with conduction have received little attention.
In this work, we use first-principles calculations to do a comparative study on doping effects in insulating ferroelectrics. We compare the aforementioned two important classes of ferroelectrics: one is perovskite oxides (BaTiO 3 as the prototype) and the other is LiNbO 3 -type oxides (LiNbO 3 as the prototype). We find different behaviors in these two materials upon electron doping. In the rigid-band approximation, cation displacements in n-doped we also compute the formation energy of oxygen vacancies. The formation energy of oxygen vacancies in n-doped LiNbO 3 is about 1 eV higher than that in n-doped BaTiO 3 , which is reasonable considering the fact that the band gap of LiNbO 3 is about 1 eV larger than that of BaTiO 3 .
The paper is organized as follows. In Section II we provide computation details. We present the main results (rigid-band calculations and supercell calculations) in Section III.
We conclude in Section IV.
II. COMPUTATIONAL DETAILS
We perform density functional (DFT) calculations [38, 39] , as implemented in the Vienna Ab-initio Simulation Package (VASP) [40, 41] . We employ a local density approximation (LDA) pseudopotential [42] . We also test our key results using a revised Perdew-BurkeErnzerhof generalized gradient approximation (PBEsol) [43] . The key results do not qualitatively change with different exchange correlation functionals. We set an energy cutoff of 600 eV. Charge self-consistent calculations are converged to 10 −5 eV. Both cell and internal coordinates are fully relaxed until each force component is smaller than 10 meV/Å and the stress tensor is smaller than 1 kbar.
For pristine bulk calculations, we use a tetragonal cell (5-atom) to study BaTiO 3 and find that a = 3.95Å and c/a = 1.01; we use a hexagonal cell (30-atom) to study R3c LiNbO 3 and find that a = 5.09Å and c = 13.81Å. Both of them are in good agreement with previous 4 studies [44] .
To simulate doping effects, we use both the rigid-band approximation and supercell calculations. In rigid-band modeling, we study a 5-atom cell BaTiO 3 (tetragonal P 4mm and cubic P m3m) and a 30-atom cell LiNbO 3 (non-centrosymmetric R3c and centrosymmetric R3c). We use a Monkhorst-Pack k-point sampling of 14 × 14 × 14 for BaTiO 3 and 8 × 8 × 3 for LiNbO 3 . In supercell calculations, we use a 119-atom cell for both BaTiO 3
and LiNbO 3 (oxygen vacancy concentration of 4.2%/f.u. and nominally electron doping of 0.084 e/f.u.). The supercells for BaTiO 3 and LiNbO 3 are shown in Fig. 4 and Fig. 5 . We use a Monkhorst-Pack k-point sampling of 8 × 8 × 8 in supercell calculations.
In our supercell calculations, we remove one (charge neutral) oxygen atom in LiNbO 3 supercells of different sizes to simulate different oxygen vacancy concentrations. The supercell with oxygen vacancies is charge-neutral, and we fully relax the structure (both lattice constants and internal coordinates) to get the ground state property.
We check a higher energy cutoff (750 eV) and a denser k-point sampling, and we do not find any significant changes in the key results.
III. RESULTS AND DISCUSSION
A. Rigid-band calculations
In the rigid-band approximation, materials are pristine and extra electrons are added to the system with the same amount of uniform positive charges in the background. Fig. 1 shows the crystal structures of pristine BaTiO 3 and LiNbO 3 , which are used in rigid-band modeling. Panels a1 and a2 show the crystal structure of cubic BaTiO 3 (space group P m3m) and tetragonal BaTiO 3 (space group P 4mm). Insulating ferroelectrics have a spontaneous polarization [45] . However, in doped ferroelectrics, partially filled bands may lead to conduction and polarization becomes ill-defined [46] [47] [48] . Therefore, we use cation displacements to characterize the extent of being "polar". In n-doped Li-O and Nb-O displacements δ Li−O and δ Nb−O . In the centrosymmetric structure R3c, each Li atom is surrounded by three oxygen atoms and all these four atoms form a plane that is perpendicular to c-axis. In the non-centrosymmetric structure R3c, the three oxygen atoms still form a plane that is perpendicular to the c-axis but Li atom deviates from that plane.
The distance between Li atom and the plane that the three oxygen atoms form is defined as the Li-O displacement δ Li−O . In the centrosymmetric structure R3c, each Nb atom is at the center of an NbO 6 oxygen octahedron. In the non-centrosymmetric structure R3c, Nb atoms move off the center of the NbO 6 oxygen octahedron. The distance between the Nb position and the center of the oxygen octahedron in the R3c structure is defined as δ Nb−O . [7, [49] [50] [51] . Upon doping, all of the cation displacements decrease with increasing electron concentration. δ Ba−O and δ Ti−O in n-doped BaTiO 3 vanish at n c 0.1 e/f.u., which is consistent with previous calculations [26] . Panel c of Fig. 2 shows the zone-center phonon frequency of the ferroelectric mode for centrosymmetric BaTiO 3 (space group P m3m) and LiNbO 3 (space group R3c). For cubic P m3m BaTiO 3 , the ferroelectric mode has imaginary phonon frequency with small electron doping, indicating ferroelectric instability. Around the critical doping of n c 0.1 e/f.u.
the phonon frequency of the ferroelectric mode becomes positive and the cubic structure is stabilized. For centrosymmetric R3c LiNbO 3 , the ferroelectric mode always has imaginary phonon frequency (up to 0.3 e/f.u.), indicating that ferroelectric instability persists in ndoped LiNbO 3 . For both materials, the phonon property of the centrosymmetric structures is consistent with the results of the non-centrosymmetric structures shown in panels a and b. We note that the magnitude of the imaginary phonon mode indicates how unstable the high-symmetry structure is subject to a collective atomic distortion. However, the energy difference between the distorted and undistorted crystal structures reflects not only the instability of the high-symmetry structure, but also other factors. From our calculations, we find that for BaTiO 3 , the volume of its undistorted structure is 0.5% smaller than that of the distorted structure; in contrast, for LiNbO 3 , the volume of its undistorted structure is 1.5% larger than that of the distorted structure. The elastic energy change from the high-symmetry structure to the low-symmetry structure is very different between BaTiO 3
and LiNbO 3 . This information is embodied in the total energy difference but is not directly reflected in the imaginary phonon modes.
We also use the PBEsol functional to check the key results in Fig. 2 , and we do not find significant changes (see Fig. S4 in the Supplementary Materials). Our finding that polar displacements of LiNbO 3 are persistent in the presence of conduction electrons is related to the fact that LiNbO 3 is hyperferroelectric [52, 53] , i.e. a ferroelectric material whose polarization does not get suppressed by depolarization fields. This implies that doping a hyperferroelectric material is a viable approach to generating an approximate polar metallic phase.
Next, we study the electronic structure and screening length obtained from rigid-band calculations. Panels a1 and a2 of Fig. 3 show the density of states of undoped and doped and n-doped LiNbO 3 , we can estimate the screening length λ by using the Thomas-Fermi model [26] :
where is the dielectric constant of undoped materials and D(E f ) is density of states at Fermi level. For dielectric constants, we use experimental values ≈ 44 0 for BaTiO 3 [54] and ≈ 24 0 for LiNbO 3 [55] . Panels c of Fig. 3 show the screening length of n-doped BaTiO 3
and n-doped LiNbO 3 . We find that for both materials upon electron doping, the screening length is on the order of a fewÅ. Given an electron concentration, n-doped LiNbO 3 even has a screening length slightly smaller than n-doped BaTiO 3 , implying a stronger screening property. The stronger screening property of electron doped LiNbO 3 is due to the fact that undoped LiNbO 3 has a smaller dielectric constant than that of BaTiO 3 , while the density of states at the Fermi level plays a minor role (the ratio of
from 0.9 to 1.1 as n changes from 0 to 0.3 e/f.u.).
B. Supercell calculations
Our rigid-band calculations show that polar displacements and conduction can coexist in both n-doped BaTiO 3 and n-doped LiNbO 3 , but the overall polar property (magnitude of polar displacements, polar instability, etc.) is much more enhanced in n-doped LiNbO 3 than in n-doped BaTiO 3 . However, rigid-band calculations do not specify the origin of electron doping and also they imply that all carriers are uniformly distributed. In real experiments, oxygen vacancies are commonly seen in complex oxides, and each oxygen vacancy nominally donates two electrons. However, an isolated oxygen vacancy may form a defect state, which can localize conduction electrons [56, 57] . Some experiments shows that in oxygen-reduced from rigid-band calculations. there is non-negligible variation in the electron distribution, all Nb atoms have conduction electrons with a higher concentration of oxygen vacancies, as expected.
Finally we estimate the formation energy of a charge-neutral oxygen vacancy in BaTiO 3−δ and in LiNbO 3−δ using a supercell calculation. We study a charge neutral oxygen vacancy by removing an oxygen atom from a charge neutral supercell. The definition of formation energy of a charge-neutral oxygen vacancy in the oxygen rich limit is:
where E T (V O ) is the total energy of a supercell with one oxygen vacancy, and E T 0 is the total energy of a pristine supercell. E O 2 is the total energy of an oxygen molecule (obtained in a spin-polarized calculation). in LiNbO 3−δ is larger than that in BaTiO 3−δ by about 0.9 eV per vacancy. This is reasonable considering the fact that the gap of LiNbO 3 is larger than that of BaTiO 3 by about 1 eV (see Fig. 3 ). While the formation energy of oxygen vacancy in LiNbO 3−δ is higher, oxygen vacancy has been widely observed in LiNbO 3−δ in experiments [59] [60] [61] [62] .
IV. CONCLUSION
In conclusion, we perform first-principles calculations to study the possible co-existence of conduction electrons and polar distortions in n-doped BaTiO 3 and n-doped (space group P 4mm). Ti-O displacement δ Ti-O is defined as:
where z O i is the z position of the four nearest O atoms around a given Ti atom in xy plane.
We note that in 119-atom cell, Ti#18 and Ti#23 that are closest to the oxygen vacancy have only three nearest O atoms. 
Crystal structure of LiNbO 3 in rigid-band calculations. a1) and a3) R3c. a2) and a4) R3c.
where Z O i is z position of the plane that is formed by the three nearest O atoms for a given Li atom. We note that in a 119-atom cell, Li#4 that is closest to the oxygen vacancy has only two nearest O atoms. Nb displacement δ Nb-O is defined as:
where z O i is z position of the six nearest O atoms around a given Nb atom. We note that in a 119-atom cell, Nb#12 and Nb#24 that are closest to the oxygen vacancy have only five nearest O atoms. conduction bands. (Fig. S6 b) , but their conduction electrons are not necessarily the most (Fig. S6 a) . We also test the cell size by calculating conduction electrons on each Ti atom in the 134-atom BaTiO 3 supercell. The new result is shown in Fig. S8 . Conduction electron We introduce two oxygen vacancies into a 120-atom LiNbO 3 supercell and study con- 
